This study evaluated gonadal migration and postmigratory proliferation of intact and genetically modified chicken primor-
INTRODUCTION
The use of primordial germ cells (PGCs) to produce germline chimeras provides numerous advantages for generating transgenic birds [1] . Germline chimeras have been successfully produced in domestic fowl by transferring PGCs or PGC-derived embryonic germ cells [2] [3] [4] [5] [6] [7] [8] , and we recently established transgenic quail lines [9] following PGC transfer into recipient embryos. We have modified our cell-isolation and preparative procedures and transgenic protocols to increase the efficiency of producing transgenic birds [1] [2] [3] [4] [5] [6] [7] [8] [9] . The use of PGCs retrieved at a developmental stage later than stage 28 [6] and the use of magnetic activated cell sorting (MACS) for PGC isolation [7] make it possible to improve the efficiency of germline chimera production.
To elucidate the physiological details of gonadal migration of exogenous germ cells after transfer, we evaluated the relationship between the number of PGCs transferred and the efficiency of gonadal migration. The migration and postmigratory proliferation of genetically modified PGCs were evaluated to possibly further improve the efficiency of germline chimera production. A randomized, controlled trial was conducted using both prospective and retrospective comparisons. Gonadal migration, chimeric states, and the proliferation of transferred PGCs in recipient gonads were monitored with immunocytochemistry and PCR analysis.
MATERIALS AND METHODS

General Experimental Design
Chicken gonadal cells were retrieved from 5.5-day-old (stage 28) embryos, and MACS was performed to effectively isolate the PGCs from a mixed population of gonadal cells. In experiment 1, the collected PGCs were labeled with chloromethyl-benzoyl-amino-tetramethylrhodamine (CMTMR), and 0, 90, 900, 1800, or 3000 PGCs were transferred into 53-h-old (stage 14) embryos. The recipient gonads were subsequently retrieved from the 6-day-old embryos, and CMTMR-positive or anti-stage-specific embryonic antigen (SSEA)-1 (FUT4) antibody-positive cells were counted to evaluate the efficiency of gonadal migration after transfer. In experiment 2, germ cell transfer was conducted using genetically modified PGCs, and the efficiency of gonadal migration after transfer was compared with that of intact PGCs. To monitor postmigratory proliferation of exogenous PGCs, eGFP-expressing PGCs with or without genetic manipulation were counted in the gonads of 6-and 10-dayold embryos. Immunocytochemistry and PCR analysis were employed to detect the presence of the heterologous PGCs being transferred.
Isolation of PGCs
To retrieve gonadal cells from 5.5-day-old (stage 28) KOC embryos, the embryos were freed from the yolk by rinsing with calcium-and magnesiumfree PBS [6] . The gonads were retrieved by dissecting the embryonic abdomen with sharp forceps under a stereomicroscope (Olympus, Tokyo, Japan). Gonadal tissues were dissociated by gentle pipetting in a 0.05% (v/v) trypsin solution supplemented with 0.53 mM EDTA. Gonadal cells (3 3 10 6 to 5 3 10 6 per tube) were incubated with anti-SSEA-1 (FUT4) antibody (Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA) for 20 min at room temperature [10, 11] . After washing with 1 ml of buffer (PBS supplemented with 0.5% bovine serum albumin and 2 mM EDTA [ethylenediaminetetraacetic acid]), the supernatant was completely removed, and the pellet was mixed with 100 ll of buffer containing 20 ll of rat antimouse IgM microbeads for 15 min at 48C. Treated cells were carefully washed by adding 500 ll of buffer and were subsequently sorted using MACS.
CMTMR Gonadal Cell Labeling and Transfer into Recipient Embryos
After MACS, the cell pellet was collected by centrifugation (200 3 g for 5 min), and the supernatant was removed. The SSEA-1 (FUT4)-positive cells were used for both CMTMR cell labeling and lentiviral transfection. The cells were resuspended in 25 lM prewarmed Cell Tracker Orange CMTMR [5-(and-6) -(((4-chloromethyl)benzoyl)amino)tetramethylrhodamine] (Molecular Probes, Eugene, OR) solution and incubated for 30 min at 378C in a CO 2 incubator. After incubation, the cells were harvested by centrifugation, 500 ll of prewarmed complete media were added, and the cells were incubated for another 30 min in a CO 2 incubator.
A small window was made in the sharp end of the recipient egg, and approximately 2 ll of cell suspension containing PGCs was transferred into the dorsal aorta of 53-h-old (stage 14) embryos. Groups of approximately 90, 900, 1800, and 3000 PGCs were transferred into the embryos. The egg window of the recipient embryos was sealed twice with Parafilm, and the egg was laid with the pointed end at the bottom until the next treatment.
Detection of Gonadal Migration
Whole gonads were retrieved from 6-day-old recipient embryos, and the dissected tissue was trypsinized. The CMTMR-positive cells were counted under a fluorescence microscope (TE2000-U; Nikon, Tokyo, Japan). To further evaluate the ratio of exogenous PGCs to total PGCs, the entire population of gonadal cells was fixed with 1% (v/v) glutaraldehyde for 5 min at room temperature, followed by immunostaining with anti-SSEA-1 (FUT4) antibody 
Production of Lentiviral Vector Particles
Vector construction and lentiviral vector particle production were performed as described in our previous report [9] . Briefly, on the day before transfection, 5 3 10 6 293 FT cells (Invitrogen, Carlsbad, CA) were plated on 100-mm culture dishes, in Dulbecco modified Eagle medium (DMEM; Gibco Invitrogen, Grand Island, NY) supplemented with 10% (v/v) fetal bovine serum (FBS; Invitrogen). On the day of transfection, 10 lg of pLTReGW vector and 10 lg of Virapower packaging mixture (Invitrogen) were added to a final volume of 450 ll of 0.13 Tris-EDTA solution (1 mM Tris-Cl, 0.1 mM EDTA; pH 7.6). After adding 50 ll of 2.5 M CaCl 2 , 500 ll of 23 HEPES-buffered saline (281 mM NaCl, 100 mM HEPES, 1.5 mM Na 2 HPO 4 ; pH 7.0) was added and gently mixed by bubbling. The DNA mixture was then incubated at room temperature for 10 min and subsequently added to the 293 FT cells. After a 16-h transfection, the medium was renewed with 4 ml of DMEM containing 10% (v/v) FBS. After 48 h, the supernatant was harvested, filtered with 0.45-lm filters, and concentrated by centrifugation at 115 915 3 g for 100 min in an ultracentrifuge (XL-90; Beckman Coulter, Fullerton, CA). To titrate the lentivirus, 3 3 10 6 chicken embryonic fibroblasts were transfected in 6-well cell culture plates (TPP, Trasadingen, Switzerland) by the viral supernatant. The titration for the endpoint dilution gave 1 3 10 6 TU/ml. A lentiviral transduction system was used for PGC transfection.
Transplantation of PGCs into Stage 14 Recipient Embryos
MACS-separated PGCs with or without the lentiviral vector were used for germ cell transfer. A small window was made at the pointed end of a recipient egg, and 2 ll of cell suspensions containing different numbers of PGCs were injected into the upper portion of the dorsal aorta of stage 14 embryos using a micropipette. The window was sealed twice with Parafilm, and the egg was incubated, pointed end at the bottom, until the next treatment. Whole gonads were dissected from 6-day-old embryos, 10-day-old embryos, or hatched chicks, and the fluorescent cells were counted under a fluorescence microscope to detect PGC migration. embryos. In the intact group, the PGCs were labeled with CMTMR before transfer to the recipient embryos, and the CMTMR-positive cells in the recipient gonads at stage 29 (Day 6) of development were counted. In the genetically modified group, the PGCs were transfected with eGFP and were not labeled with CMTMR before transfer to the recipient embryos. The number of migrated eGFP-expressing PGCs was counted and calculated to estimate the chimeric and transgenic ratio from the total number of gonadal PGCs. Three and four replications were conducted in the intact and genetically modified groups, respectively. The results were not compared statistically because the parameters and replicate number differed among the transfers. Error bars indicate the SD of each replicate analysis.
POSTMIGRATED PROLIFERATION OF PGCS IN CHICKEN
Detection of the Transgene by PCR
To confirm transgene expression in hatched chicks, genomic DNA was extracted from testis, heart, and muscle using a Puregene DNA purification kit (Gentra Systems, Minneapolis, MN). As a negative control, genomic DNA was extracted from nontransgenic chicks, and pLTReGW plasmid DNA was used as a positive control. Three primer sets giving products of different sizes (446 bp, 844 bp, and 756 bp) were used to detect the transgene by PCR (Table 1) . PCR was performed with a Mastercycler gradient thermocycler (Eppendorf, Hamburg, Germany) in a total volume of 25 ll containing 200 ng of genomic DNA, 10 mM dNTPs (Corebio, Seoul, Korea), 2.5 ll of 103 reaction buffer (Corebio), 0.4 lM sense and antisense primers (Bioneer, Daejon, Korea), and 0.4 units of DNA polymerase (Corebio).
Production of a Transgenic Chicken
WL (I/I, white color) G 0 chicken founders were mated with KOC (i/i, black color) of the opposite sex. Donor PGC-derived offspring could be identified based on their color: donor PGC-derived progeny (i/i) had black feathers, whereas the progeny (I/i) from endogenous WL PGC (I/I) had white feathers. Transgenic chickens were identified by PCR analysis.
Statistical Analysis
Numerical values for each experimental parameter were analyzed using the general linear model (PROC-ANOVA) in the Statistical Analysis System (SAS) program (SAS, Inc., Cary, NC). Treatment effects were compared by the least-squares method when the model effect was significant. A P-value , 0.05 was considered statistically significant.
RESULTS
Experiment 1: Gonadal Migration of Intact PGCs
Each treatment was replicated four times, and CMTMRpositive cells were detected in recipient gonads regardless of treatment (Fig. 1) . The total number of PGCs migrating into the 260 gonad gradually increased from 0 to 942 cells as the number of transferred PGCs increased from 0 to 3000 cells. Since the number of endogenous gonadal PGCs was relatively constant, the ratio of transferred PGCs in the gonads increased with the highest value of 0.482. The statistical analysis results show that a significant (P , 0.0001) effect was detected for the number of transferred cells (Fig. 2 ).
Experiment 2: Migration of Genetically Modified PGCs and Their Proliferation in Developing Gonads
The optimal conditions for PGC transfer were determined based on the results of experiment 1. Of the 3000 intact PGCs transferred, 658 migrated into the recipient gonads in experiment 2. The ratio of transferred PGCs to gonadal PGCs in the recipient gonad was 0.4. The number of genetically modified PGCs still living after genetic manipulation was considered the total cell number transferred. Based on this estimate, on average 2532 PGCs were transferred, and a mean of 10.3 exogenous eGFP-expressing PGCs was detected in the 6-day-old embryonic gonads after transfer. This yielded 0.007 for the chimeric and transgenic state values ( Fig. 3 and Table  2 ). Thus, compared with the intact PGCs, there was a prominent reduction in the number of genetically modified migrating PGCs (658 vs. 10.3, respectively) and in the chimeric state value (0.4 vs. 0.007). Nevertheless, PGCs expressing eGFP fluorescence were detected in recipient gonads after each transfer (Fig. 4) . Exogenous PGC transgenes were detected in the gonadal tissue, heart, and skeletal muscle of hatched chicks (Fig. 5) .
When the proliferation of transferred eGFP-transfected PGCs was evaluated in the gonads of 10-day-old recipient embryos (n ¼ 7), the average number of heterogenous PGCs was 54.9 cells (range 14-138; Table 3 ). In a retrospective comparison, the migration efficiency of exogenous eGFPexpressing PGCs in 10-day-old embryos (19.4%; Table 3 ) was about four times higher than that of 6-day-old embryos (5.3%; Table 2 ). Other parameters related to PGC transfer were similar between the two retrospectively compared data sets (Tables 2  and 3 ). Subsequently, 52 chickens (51.5%) were hatched from 101 embryos receiving eGFP-transfected PGCs. Of those hatchlings, 50 (96.2%) reached sexual maturity and were used in a test cross-analysis. The results showed that 21 chickens (42.0%) were germline chimeras. One male chicken chimera (1/21, 4.8%) from 21 chickens generated the production of four transgenic chickens following artificial insemination of a female.
DISCUSSION
The results of this study demonstrate that transferring a high number of exogenous PGCs into developing embryos is important for increasing the number of PGCs displaying gonadal migration after transfer. However, the percentage of the transferred PGCs that migrated did not increase when the number of transferred cells increased beyond 900. Thus, the higher number of migrating PGCs from the 3000-cell transfer was attributable to the higher number of PGCs transferred and not to greater PGC migration activity. The genetically modified PGCs showed a significant reduction in migration activity compared with that of intact PGCs, but this negative effect was compensated for by vigorous proliferation of the genetically modified PGCs after gonadal migration. This may explain the production of a transgenic chicken despite low efficiency of PGC migration and germline chimera production.
FIG. 5.
Detection of transgenes in recipient tissues after transfer of PGCs into developing embryos. Genomic DNA was extracted from the testis, heart, and skeletal muscle of 1-day-old hatched chicks and was used for PCR after amplification (lanes 1-3: embryo #1; lanes 4-6: embryo #2). Three PCR fragments (446 bp, 844 bp, and 756 bp) were detected using three sets of transgene-specific primers. Lane M: 100-bp ladder; lanes 1 and 4: muscle; lanes 2 and 5: heart; lanes 3 and 6: testis; lane 7: positive control (plasmid); lane 8: negative control (chicken genomic DNA); lane 9: no template (water). 
POSTMIGRATED PROLIFERATION OF PGCS IN CHICKEN
Although the migration capacity of the PGCs was favorable, significant opportunities remain to enhance the efficacy of germline chimerism. The number of transferred PGCs is one critical factor for increasing germline chimerism. In birds, germline chimeras are produced by PGCs collected from the germinal crescent [12, 13] or embryonic blood [14] . However, isolation of PGCs from such tissues is difficult, and only a small number of PGCs are obtained. The efficiency of retrieval can be increased by isolating PGCs from embryonic gonads. We previously developed an efficient germline chimera production system using PGCs from embryonic gonads, which improved the efficiency of germline transmission up to 49.7% in chicken [6] and 60.0% in quail [8] .
There are two directions for improving foreign germ cell repopulation after transfer: increasing the number of PGCs transferred and decreasing the number of endogenous PGCs. Our results showed that the percentage of migrated PGCs did not change as the number of PGCs transferred increased; there was no difference in the ratio of migrated PGCs in 6-day-old embryonic gonads among the groups in which 900, 1800, and 3000 PGCs were transferred. We concluded that migration efficiency was at its maximum when 900 PGCs were transferred. The number of exogenous PGCs able to migrate and settle into the recipient gonad is probably limited. Nevertheless, increasing the number of PGCs transferred resulted in an increased number of exogenous PGCs migrating into the recipient gonads.
Ono et al. [15, 16] showed that chick blood PGCs injected into quail embryos settled in the gonads and constituted 5.6% of the total gonadal PGCs, whereas quail blood PGCs injected into chick embryos settled in the gonads and constituted 14.2% of total gonadal PGCs. In their study, relatively fewer transfected PGCs, compared with intact PGCs, migrated into the embryonic gonad. In this study, genetic modification of PGCs inhibited migratory capacity, which reduced the efficiency of germline chimera and transgenic chicken production. However, the genetically modified PGCs vigorously proliferated, resulting in a 3.67-fold increase in the number of PGCs in 10-day-old embryonic gonads compared with 6-day-old embryonic gonads. In a supplementary experiment, an average 2.48-fold increase was detected after transfer of intact PGCs (data not shown). These results demonstrate that vigorous proliferation of viable PGCs after gonadal migration can compensate, at least in part, for the reduced migration of genetically modified PGCs after transfer. Probably, genetic modification per se significantly retards PGC viability, and only PGCs having vigorous proliferation can migrate into the gonads after genetic modification and subsequent transfer. Otherwise, a transfection system like that used in this study specifically stimulates the proliferation activity of PGCs.
We produced transgenic chickens by transferring genetically modified PGCs into developing embryos. It is unclear from our results whether the transgenic PGCs with reduced migration activity induced germline transmission, because only transgenic migrating PGCs have differentiation activity. Nevertheless, the generation of transgenic germline chimeras strongly suggests that a system for transferring PGCs into embryonic gonads is useful for generating transgenic chickens. Further research will focus on optimizing our proliferation protocol to develop germ cells and improving the efficiency of transgenic germline chimeras through a germ cell-based method.
